The electrochemical treatment of nuclear waste is the subject of much current interest. After radioactive decontamination, the liquid waste from nuclear fuel processing still contains many hazardous substances, among them nitrate and nitrite. Electrochemical reduction of the nitrate and nitrite destroys these hazardous species while simultaneously reducing the volume of the waste. The electrochemical reduction process has been shown to be an effective treatment in regard to the removal of nitrate and nitrite from simulated and real waste solutions, but further optimization of the process is still needed. 1 ' 2 No modeling of the parallel-plate electrochemical reactor has yet been done for a nitrate waste system. However, parallel-plate reactor models have been published for other systems. White et al. 3 presented a complete parallelplate reactor model that was used to model multiple electrode reactions at the cathode. With this model for the electrowinning of copper, they were able to predict current efficiencies, selectivity, and conversion per pass for different reactor designs. However, they did not include multip]e reactions at both electrodes nor a separator in their model. In addition no gas evolving reactions were modeled.
Mader et al. ~ made a simplification for the parallel-plate reactor model that substantially reduced the required computing time. They assumed that the change in concentration of a species with respect to reactor length could be approximated by a step change in concentration from the reactor inlet to the reactor outlet. This essentially changed the model from a two-dimensional model to a one-dimensional model. The new model was called the one-step model, and the old model was called the continuous model.
Mader and White s also developed a model for a Zn/Br2 flow battery on charge. This model was similar to the others developed before 3' 4 but included a separator region between the electrodes. Only the charge mode of the cell was modeled. The MacMullin number, 6 N~, was used along with the separator thickness to describe the transport properties of the separator. Evans and White ~ later developed a model for both the discharging and charging modes of the Zn/Br2 flow battery.
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No parallel-plate reactor model of the type mentioned above includes the effect of gas evolution at the electrodes. Since most of the reactions in the nitrate waste system have gaseous products, this is an important area for investigation while constructing a model for this system. In general, gas evolution affects the ohmic resistance of cells, the mixing history of the solution, and mass transfer to and from the electrodes? If the rate of gas evolution is small compared to the flow rate of the liquid phase, then the gas bubbles may not have a profound effect on the mixing in the reactor. Some experimental evidence was found for this case for an axially dispersed plug flow model. 8 According to Wu et al., 8 at NRe greater than 100, dispersion rates were not substantially affected by gas evolution. In addition, the mean residence time of Cu + ions was not substantially affected, even at low Reynolds numbers, by the presence of gas. Consequently, it is assumed in this work the gas evolution at the electrodes does not affect substantially the operating characteristics of the cell. It may be necessary in the future to add gas evolution effects at the electrodes for cases with small Reynolds numbers.
Several models for a parallel-plate electrochemical reactor with recirculation have been developed. 9-~3 Most of the models assumed that the electrochemical reactor was in plug flow and did not consider the effect of potential, electrode gap, ionic migration, or electrode kinetics. Nguyen et al. ~3 presented a two-dimensional model for a parallelplate electrochemical reactor with a continuously stirred tank reactor (CSTR) and recirculation. The electrochemical reactor was similar to that developed by others TM and included dependence on kinetics, applied potential, migration, and flow distribution. The model included time dependence in both the electrochemical reactor and the CSTR. Only one reaction at each electrode was modeled and one reaction in the reservoir. No separator was included in the model.
No model was found that included equilibrium between a liquid and gas phase. Nor have any of the models with recirculation tanks or CSTRs included a separator in the model. Both of these aspects are important in this research and are included in this work. 
Model Development
In a caustic solution at a lead or nickel electrode, the important cathodic reactions involving nitrogenous species are believed to be ~ -0.165 [2] 0.406 [3] 0.15 [4] -0.828 [51
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ix~O2(aql + OH(aq} ~-~ NO3(aq) + ~ H20(li + e-0.01 [7] Reactions 5 and 7 are undesirable reactions that should be minimized by optimizing the design and operating conditions for the electrochemical reactor.
A porous separator is included in the model to reduce the oxidation of nitrite at the anode (reaction 7) and to keep the product gases of each electrode separate. It is thought to be important to separate the oxygen produced at the anode from the ammonia and any other potentially explosive gases which are produced at the cathode. A schematic diagram of a divided cell parallel-plate reactor is shown in Fig. 1 . In the divided cell, a separator divides the anolyte and catholyte channels. The waste solution flows through the catholyte side of the cell, and a caustic solution flows through the anolyte channel.
Since the true reaction pathways for reactions 1-7 above are not known, it was assumed in this research that the kinetics of the model could be described by these equations. The reactions listed above (Eq. 1-7) also form a complete set of reactions from a stoichiometric viewpoint) 6 7. The fluid is an incompressible Newtonian fluid in well-developed laminar flow. This assumption seems reasonable if the fluid is under high pressure, or if the flow rates are much higher than the gas evolution rates. 8 8. Isothermal conditions exist. 9. The gases that are produced at the electrodes stay in solution in the reactor and are flashed after passing through the reactor.
In addition, it is assumed in this research that the relative activity of an ionic species can be approximated by the concentration of the ionic species and that the activity of a gaseous species can be approximated by the partial pressure of the species. 
Instead of taking multiple steps down the reactor length a one-step 4 approximation is used for approximating the change in concentration in the axial direction. The change in concentration in the axial direction is approximated as
This method has been shown previously to be a justified approximation if the conversion per pass in the reactor is not highJ '~'7 In dimensionless variables, the one-step approximation becomes Using this one-step approach essentially changes the model equations from two-dimensional to one-dimensional, thus a significant savings in computing time results. The O~,fo~d are known inlet conditions (initial conditions), and the 0~ that are solved for are the outlet dimensionless concentrations as functions of the lateral positions (v or ~).
The current density which appears in the boundary condition is assumed to be given by the Butler-Volmer equation
In dimensionless variables the Butler-Volmer equation becomes
Modeling of an Electrochemical Reactor with a Recirculation Tank
In practice it is desirable to destroy 95% of the nitrate and nitrite species present in liquid radioactive waste before permanent disposal of the waste.' Since previous experimental work 2 and the models developed here indicate that the conversion per pass [Q,av~(X = 0) -Cj,ave(X ----L)/ Ci,a,e(X = 0)] for nitrate reduction in a parallel-plate electrochemical reactor is very small, recirculation of the feed is needed to achieve an overall conversion of 95%. Another alternative would be to build a very long reactor; however, this is probably not feasible because of the high rate of gas evolution. The gases produced in the reactor increase the ohmic resistance of the cell. In a long reactor these gases would need to be released from the reactor to avoid large power losses. Some optimum combination of recycling and reactor length needs to be found.
A recirculation tank was included in this work to model the time dependent concentration of species in an alkaline nitrate/nitrite solution. A divided cell parallel-plate electrochemical reactor with two recirculation tanks (one for anolyte, one for catholyte) is shown in Fig. 2 .
PPER with recirculation tank model equation develop-
ment.--It is assumed in the model that the gases produced according to reactions 2-6 stay in solution inside the electrochemical reactor. After passing through the reactor, a flash occurs (either prior to or in the reservoir). It is also assumed in this study that the reactor operates at steady state and that the only time dependence is in the recirculation tank. The following further assumptions were used for modeling the system:
1. The liquid in the reservoir (recirculation tank) is perfectly mixed, and there is no dead time between the reservoir and the reactor. Thus, C~,~ = C~,~,~d.
2. The volumetric flow rate into the reservoir equals the volumetric flow rate out of the reservoir.
3. There is constant density of the liquid phase in the reservoir.
4. Henry's law holds for O~, N2, N20, Ha. 5. Raonlt/s law can be used for H20, NH3. The equilibrium expressions needed are K~ values. In general, these are dependent upon pressure, temperature, and the composition in each phase. If Raoult's and Henry's laws are assumed to hold, the Ki values are functions of only the pressure and temperature of the system. The K~ value using Henry's law is of the form
The value for Henry's constant, H~.B, for a given species i is dependent upon the temperature and the solvent B. In this study the Henry's constants used were those for the gases in water at 298.15 K.
The K~ value, assuming Raoult's law, is of the form
The saturation pressure values in this study were calculated by using Antoine's equation.
The data needed for a flash calculation is the overall mole fraction of each species, z~, the temperature and pressure of the system, and vapor-liquid equilibrium expressions for each species. Note that the z~ are independent of the preequilibrium phases that may be present. In general zi = xiL + Yi V [16] where x~ is the mole fraction of species i in the liquid phase; y~ is the gas-phase mole fraction of species i, and L and V are the total mole fractions in the liquid and gas phase, respectively. Prior to doing a flash calculation, it is important to first insure that the system is in the two-phase region. Thus dew point and bubble point calculations must also be done. Since the temperature and pressure are constant in this model, either dew point pressure and bubble point pressure or dew point temperature and bubble point temperature calculations can be done. Since the pressure is easier to solve for in these calculations, dew point pressure and bubble point pressure calculations were done prior to the flash calculation. The governing equations for the flash calculations are shown below.
The flash criteria used in this study are
~'. zi = ~ (xiL + yiV) = 1 [20] From these criteria, the following flash equation (a function of vapor fraction) can be found ~g
The value of V is the only unknown in the flash equation. Initially, this value must be guessed with the constraint that 0 < V < 1. Successive estimates of V are found by Vk+l = Vk /d fFlash / [23] \ dV I, After solving for the vapor mole fraction, V, the liquid and gas-phase mole fractions are found by Zi xl = L + Ki(1 -L) [24] zi -xiL Y~ -V [25] The bubble point calculation is done to check to see if the system is in the two-phase region. This is necessary before doing a flash calculation because meaningless or incorrect results from the flash calculation will occur if the flash calculation is carried out and the system is not in the twophase region. For a bubble point calculation, all of the components are assumed to be in the liquid phase, thus z~ = x~. The temperature is constant in this work, and we are calculating the bubble point pressure.
The bubble point criterion is
Multiplying through by the total pressure we get until convergence is reached. In a dew point calculation, all of the species are assumed to be in the gas phase. Thus, Yt = zt. In this research the K~ values for the ions are taken to be zero, and thus there is no possible gas only phase. Nevertheless, the dew point calculation was programmed (equations shown elsewhere t6) to keep the program general and allow use with other K~ values.
The gases produced electrochemically in the reactor are assumed to stay in solution in the reactor and are flashed after leaving the reactor but before the reservoir. A gas phase and liquid phase then exist and are split from one another. The liquid phase then goes into the recirculation tank. The tank is perfectly mixed, and the exit from the tank is the feed to the electrochemical reactor. The governing equation for the recirculation tank is then the same as that for a recircuiation tank for a system with no gases being evolved. Thus
where C,,, is the liquid-phase concentration of species i resuiting from the flash calculation, as can be seen in Fig. 2 . 'Iq is the volumetric flow rate of this stream. In this work, it was assumed that this flow rate is the same as the flow rate for the feed to the reactor, ~/'~,~a. Thus ~r = lq = a constant. The time derivative was approximated by a step change 
Model Parameters
The physical and operating parameters are shown in Table III . The flow rates, cell dimensions, and other parameters, were chosen based upon previous and planned experimental work by others. ~ These values were used in the ease studies presented here, unless otherwise stated.
The base ease values of species-specific parameters used in this work appear in Table IV . The diffusion coefficients used for the ionic species are from limiting ionic conductivity data. ~7 The diffusion coefficients for the gases were estimated from the Wilke-Chang estimation method, assuming the water is the solvent. 2~ The values for initial feed concentrations, Cu~r used are similar to those used in previous and planned experimental work. ''-~ The base ease kinetic parameters used in this study are shown in Table V . The values are the same for both the undivided and divided cells. The values for the exchange current densities were guessed after setting all the other model parameters to obtain results similar to experimental data. 2 The following reaction orders were used in this study If %j > 0, then pl,~ = %,i, q~,i = 0
If s~,~ < 0, then p~,~ = 0, q~.~ = -%4 Table VI shows a list of the equilibrium K~ values used in this study for the flash calculations. 
Solution Procedure
The parallel-plate reactor model governing equations results in a set of coupled differential and algebraic equations. A finite-difference approximation method was used for the derivatives. This resulted in a system of coupled algebraic equations. These equations were then solved using a Newton-Raphson-type procedure developed by Newman called Band(J). 17 A modified form of the procedure, mband, 21 was used to allow multiple regions to be modeled.
The solution steps used for the reactor and reservoir models together are:
i. Solve the parallel-plate reactor model using initial conditions (base case feed eonditions in Table V ). This is time t = 0.
2. Use the average outlet concentration at time t and the flow rate of the solution(s) to solve the bubble point, dew point, and flash calculations. Then solve for the liquid composition going into the reservoir.
3. Calculate the new reservoir concentration at time t + At using Eq. 34. This is the new feed to the reactor.
4. Solve for the new outlet concentrations from the reactor and then return to step 2.
5. Repeat steps 2-4 until some specified time or charge has been passed.
The case studies presented in this work were run until one million coulombs had passed to compare the results with some previous experimental work where this was done. 2 Material balance closure calculations were also programmed for the electrochemical reactor in the same way as has previously been done by others. 4 The results verified the consistency of the model from a material balance perspective.
Results and Discussion
In evaluating the effectiveness of the destruction process, determining the current efficiency for each reaction is important. The current efficiency for a reaction j, %, is defined as ej = ~ = ii [35] ~tot E ~k k Since the current density for a reaction is directly related to the rate of reaction through Faraday's law, the current efficiency gives a measure of the selectivity for each reaction.
It should be noted that
or that the sum of the current efficiencies at each electrode is one. The parallel-plate reactor model was programmed to explicitly calculate the current density for each reaction (ij appears in the electrode boundary conditions). Thus, current efficiency predictions can be made using the model.
In an operating parallel-plate reactor for the destruction of nitrate and nitrite waste, it is desirable to maximize the current efficiency (cathodic) of reactions 1-4 and minimize a Ionic species diffusion coefficients from limiting conductivity data. Nonionic species diffusion coefficients estimated using the WilkeChang estimation method. 2~ the current efficiency of reaction 5 (the production of hydrogen). At the anode, it is desirable to maximize the current efficiency of reaction 6 (oxidation of hydroxide) and to minimize the current efficiency of reaction 7 (oxidation of nitrite to nitrate). Figures 3-8 show the results from a case study with the base-case parameters and E~e~ = 3.5 V. In this case the catholyte reservoir volume used is 700 ml, and the anolyte reservoir volume is 7000 ml. A large anolyte reservoir volume is used so that the depletion of OH~q) in the anolyte will not be large, which would cause limitations in the current density later in the run. Figure 3 shows the cathodic current efficiencies vs. coulombs passed. Initially the current efficiency is greatest for the nitrate reduction reaction (reaction 1), but the nitrite to ammonia reaction current efficiency (reaction 2) soon becomes large as the concentration of nitrite increases. Nitrite to nitrogen and nitrite to nitrous oxide reaction current efficiencies also increase but not to as large an extent (reactions 3 and 4, respectively).
The oxidation of nitrite to nitrate (reaction 7) does not consume much of the current in the divided cell, as can be seen in Fig. 4 . The current efficiency for this reaction is extremely small at the beginning of the run (<0.01%). As nitrite diffuses and migrates through the separator, this current density increases but never becomes large. The maximum current efficiency reached is about 1.3% and levels off at this value as the concentration of nitrite in the catholyte is low by this time. Thus there is no net driving force moving the nitrite from the catholyte to the anolyte. Migration tends to move the nitrite and nitrate into the anolyte from the catholyte, but when the concentration in the catholyte becomes small enough, the migration and diffusion cancel each other.
The concentration of ionic species in the catholyte reservoir vs. coulombs passed is shown in Fig. 5 . The concentration of Na~q) increases as the run proceeds due to migration from the anolyte. While electroneutrality must always be maintained and OH~q~ is being produced at the cathode, the amount of Na~q) that is transported into the catholyte is dependent upon the volume of the anolyte reservoir. Migration tends to move the sodium ions toward the catholyte; diffusion tends to move the sodium back toward the anolyte. This diffusion term would be even more important if the concentration of Na~aq) dropped substantially in the anolyte (due to movement into the catholyte). With a large anolyte reservoir, however, this is not the case, as can be seen in Fig. 6 . The concentrations of nitrate and nitrite drop rapidly in the catholyte reservoir because the reduction of nitrate to nitrite is not reversed at the anode. This can be seen in Fig. 5 . The concentration of NO~(aq) and NO~aq) drop to approximately 1 and 5% of their original concentrations, respectively, after one million coulombs have passed. Figure 6 shows that the concentrations of nitrate and nitrite in the anolyte do increase as the run continues due to diffusion and migration from the catholyte, but the concentrations never become very high (<0.06M each after one million coulombs have passed). When these species are consumed at the cathode, the concentration in the catholyte drops, thus decreasing the tendency for ions to diffuse into the anolyte. The mass transport of these ions could be decreased further by increasing the effective separator thickness (NMS,) of the separator or by using an ion exchange membrane such as Nation | .
Several interesting phenomena are observed in the catholyte and anolyte off-gases 9 The catholyte off-gas composition vs. coulombs passed for this case of the divided cell is shown in Fig. 7 . The flash calculation initially predicts that there is no gas phase until the concentration of the gases in solution increases. Thus in Fig. 7 , the compositions initially all start at zero and then jump up after a small amount of charge has been passed. Nitrogen and nitrous oxide are the major gases at the beginning of the run, even though the current efficiency for the nitrous oxide reaction (reaction 4) is low compared to the reaction producing ammonia (reaction 2). This is because the solubility of ammonia is much higher than that for the nitrogen and nitrous oxide. Hydrogen gas is initially the third largest component of the off-gas, even though the current efficiency for this reaction is very small initially. Again, this is because the solubility of hydrogen is very small; essentially any hydrogen that is produced goes into the gas phase. Later in the run the hydrogen gas becomes the major off-gas when the current efficiency for this reaction increases after most of the nitrate and nitrite have been consumed. The concentration of ammonia in the off-gas increases during the first half of the run but slowly decreases during the second half when the nitrite is consumed and the current efficiency for this reaction (reaction 2) decreases. The off-gas ammonia composition is seen to be smaller than the other cathodically produced gases even though the majority of gas-producing current goes through this reaction. This is due to the solubility of the ammonia being greater than that for the other gases. In this case study, the equilibrium Ki value for ammonia is assumed to be given by Raoult's law. In a pure water/ammonia system, the solubility of the ammonia is even greater than predicted by Raoult's law. 22 In a caustic solution, however, the solubility is less than that for a water/ammonia system: In addition, the solubility of the ammonia will decrease if the temperature of the system is increased. Thus if the temperature of the system increases during the reaction, as has been found in some experimental work by others,2'23 more of the ammonia in solution will move into the gas phase and may continue to move into the gas phase even if the production rate at the cathode decreases. An increase in temperature will not affect the amount of the other gases in the off-gas as much as ammonia because the solubilities of the other gases are very low already. Thus there is not as much of these species present in the aqueous phase to be released if the temperature increases.
The concentration of oxygen in the catholyte off-gas is small throughout the run because the only source of oxygen is from anodically produced oxygen that diffuses through the separator. The mole fraction of oxygen decreases throughout the run as the total amount of the other gases increases due to the occurrence of higher rates of the gas producing cathodic reactions, especially the hydrogen evolution reaction. Figure 8 shows the current density and coulombs passed vs. time for the divided cell. The current density rises a small amount initially but then drops when the nitrate and nitrite catholyte concentration drops.
The divided model was run again at a lower applied potential (E~u = 3.0 V). The results from this case are shown in Fig. 9-12 . The results are similar to the previous case, but there are some important differences. Figure 9 shows the catholyte current efficiencies vs. coulombs passed. The current efficiency of reaction 1 (nitrate to nitrite) is much higher at the beginning of the run than in the previous case (97% vs. 88% initially). As more coulombs are passed, the current efficiency for this reaction goes down, and the current efficiency for reactions 2-4 consuming nitrite go up. The destruction of nitrate and nitrite occurs with fewer coulombs passed because the current efficiency for these reactions is higher initially. The hydrogen evolution reaction does not occur until almost all of the nitrate and nitrite have been destroyed. Significant hydrogen evolution does not occur until more than 500,000 C have passed, whereas in the previous case, hydrogen evolution became significant at about 400,000 C. The catholyte nitrate and nitrite concentrations decreased after fewer coulombs were passed, as can be seen by comparing Fig. 10 (E~u = 3.0 V) with Fig. 5 (E~u = 3.5 V) .
The catholyte off-gas composition is shown in Fig. 11 . The results are similar in this case to those of the previous (Fig. 7) in the second half of the run. The gases produced from the destruction of nitrite decrease further than in the previous case. This makes sense since there is not as much nitrite available to be reduced by this point.
The current density and coulombs passed in this run are shown in Fig. 12 . The initial current density is much less initially in this run and drops to less than one-third of the current density of the previous run at 3.5 V during most run time. More than 1100 min are required to pass one million coulombs vs. 400 min for the run at 3.5 V. While taking a much longer time to pass a given amount of current, that same current is used more efficiently to destroy nitrate and nitrite. The energy consumed at 3.5 V is 16.7% higher than that at 3.0 V for the same amount of charge passed 9 Power 
